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Abstract 

 
In order to better understand the volatilization process for ionic liquids, the vapor evolved from 

heating the ionic liquid 1-ethyl-3-methylimidazolium bromide was analyzed via tunable vacuum 

ultraviolet photoionization time of flight mass spectrometry (VUV-PI-TOFMS) and thermal 

gravimetric analysis mass spectrometry (TGA-MS).  For this ionic liquid, the experimental 

results preclude the possible vaporization of intact ion-pairs or the formation of carbenes, but 

instead indicate the evolution of alkyl bromides and alkylimidazoles, presumably through alkyl 

abstraction via an SN2 type mechanism.  Activation energies for the formation of the methyl and 

ethyl bromides were evaluated experimentally, and found to be in agreement with calculated 

values for the SN2 reactions. Comparisons of product photoionization efficiency (PIE) curves 

with literature data are in good agreement, and ab initio thermodynamics calculations are 

presented as further evidence for the proposed thermal decomposition mechanism.  Estimates for 

the heat of vaporization of 1-ethyl-3-methylimidazolium bromide and 1-butyl-3-

methylimidazolium bromide from molecular dynamics calculations and their gas phase heats of 

formation by G2MP2 calculations yield estimates for the ionic liquids’ heats of formation in the 

liquid phase. 
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Introduction 

 Recent interest in ionic liquids, salts with melting points ≤ 100 °C, has stemmed from 

their extremely low volatility, thermal stability, and the enormous number of ionic liquids 

possible (~1018)1 by varying either the cation or the anion.  The physical and chemical properties 

of ionic liquids can also be tailored by modifying the functional groups on either ion.  Ionic 

liquids have been studied for use as replacement solvents for volatile organic compounds 

(VOCs),2-5 fuel cells,6-9 electrolytes,10,11 ingredients for energetic materials and propellants,12-14 

and as high temperature lubricants.15-17 

Understanding thermal stability of ionic liquids is important for the safe storage and 

transportation of these compounds.18  Protic ionic liquids, having a hydrogen bound to a nitrogen 

on the cation, have shown to be thermally unstable and easily neutralized via proton transfer to 

the anion.19  These neutral species can volatilize and reform ionic liquids on co-condensation of 

the vapors by the acid-base reaction.  Aprotic imidazolium ionic liquids, having alkylated 

nitrogens in the cation, have been seen to undergo dealkylation under pyrolytic conditions to 

yield 1-substituted imidazoles, presumably through an SN2 type mechanism,18,20-22 which would 

explain why the thermal stability of imidazolium-based ionic liquids increases with increasing 

anion size,20,23 increasing the length of the side chain (steric effects),20 or decreasing 

nucleophilicity of the anion.20  Alkyl substituents such as vinyl and phenyl tend to increase the 

stability of the cation due to charge delocalization to the side chain and are not susceptible to 

cleavage,20 while secondary and tertiary alkyl groups on the cation make the ionic liquid less 

thermally stable, presumably due to the elimination of the stabilized alkyl cations.24  There also 

exists some evidence for the elimination of ethylene from ethylimidazolium ionic liquids with 
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increasing basicity of the anion.20  The acidic character of the C2 proton of the imidazolium 

cation, illustrated by the facile deuterium exchange in D2O,25 seen also in thiazolium salts,26 

could also be a factor in the thermal stability of imidazolium-based ionic liquids, and addition 

reactions with the imidazolium ring have been observed at high temperatures.22  Alkyl 

substitution of the C2 hydrogen on the imidazolium ring has the largest effect on the thermal 

stability due to the acidity of this proton.24  This acidity stems from the stability of the carbene 

species formed upon proton loss from C2.25,27  This n-heterocyclic carbene (NHC) species may 

play an important role in the addition reactions mentioned above,28-30 and its formation can be 

facilitated by basic anions.31 While the presence of oxygen does not appear to affect the 

temperature of decomposition of imidazolium ionic liquids, ionic liquids having endothermic 

decompositions in an inert atmosphere turn exothermic in an oxygen atmosphere midway 

through the observed mass loss in thermal gravimetric analysis (TGA) when combustion 

dominates.24 

 Previous studies on the vaporization of ionic liquids indicate that some aprotic ionic 

liquids, especially those with anions which are the conjugate bases of superacids,32  vaporize as 

intact ion pairs, evidenced by the dissociative ionization of the ion pair and the detection of the 

intact cation by mass spectrometry:  C+A- + hv  C+A + e-  C+ + A• + e-.  The removal of the 

electron from the anion eliminates the coulombic attraction between the ions, and the weakly 

bound cation-radical complex dissociates prior to detection in the mass spectrometer.  Direct 

detection of the ion pair via mass spectrometric techniques has been elusive, but recent progress 

has been made to directly identify these in the gas phase.33,34 

 If the rates of thermal decomposition of ionic liquids are comparable to the rate of 

evaporation of ion pairs from the ionic liquid, the resulting species in the gas phase are a mixture 
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of thermal decomposition products and vaporized ion pairs.  Effusive sources of ionic liquid 

vapors35-38 impart substantial internal energy to the ion pair upon vaporization which can 

facilitate dissociation. 

 In this paper, a combination of mass spectrometric techniques is used to evaluate the gas 

phase decomposition products upon heating the aprotic ionic liquid 1-ethyl-3-methylimidazolium 

bromide (EMIM+Br-).  The high sensitivity of vacuum ultraviolet photoionization time-of-flight 

mass spectrometry (VUV PI-TOFMS) enables the detection of thermal decomposition products 

well below the thermal decomposition onset temperature determined via differential scanning 

calorimetry (DSC) and thermal gravimetric analysis (TGA).  The results from the TGA-MS 

experiments complement the VUV PI-TOFMS data and give a better understanding of the 

underlying processes and chemistry involved when heating EMIM+Br-.   Accompanying ab initio 

calculations support the proposed decomposition mechanism by enabling the determination of 

possible photoion fragmentation pathways and gas phase heats of formation.  The calculated gas 

phase heats of formation in conjunction with heats of vaporization determined by molecular 

dynamics simulations allow for estimation of heats of formation of ionic liquids in the liquid 

phase, a valuable but difficult to determine property of ionic liquids. 

Experimental 
 

Differential scanning calorimetry measurements were carried out with a typical sample 

mass of 5 mg at a heating rate of 2 K/min in sealed aluminum pans with a nitrogen flow rate of 

20 ml/min (Figure 1).  The reference sample was an empty Al container, which was sealed under 

nitrogen atmosphere.   

 Thermal gravimetric analysis mass spectrometry was carried out with electron impact 

ionization energy of 70 eV (Figure 2).  An ionic liquid sample of approximately 5 mg was 
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analyzed under N2 (10 ml/min) at 473 K for 1 hour, followed by increasing the temperature at a 

rate of 5 K/min up to 643 K.  The capillary tube between the TGA unit and the mass 

spectrometer was held constant at 473 K. 

 The VUV-PI-TOFMS experiments were performed at the Chemical Dynamics beamline 

9.0.2.3 at the Advanced Light Source synchrotron facility at the Lawrence Berkeley National 

Laboratory, Berkeley, CA.  Details of the experiment and the effusive source have been 

described previously.35,36  Briefly, photoionization mass spectra were measured from 8.0 to 15.0 

eV in 0.2 eV steps at 457  K (Figure 3).  At each energy the spectrum was averaged over 500,000 

pulses of the ion repeller. 

 Ab initio calculations were carried out at the MP2/6-31+G(d,p) level of theory using 

GAMESS39,40 and at the M06/6-31+G(d,p)41 level of theory using Gaussian0942.  All calculated 

results are at 0 K and include ZPVE corrections, unless otherwise stated.  While B3LYP did not 

provide sufficient accuracy for these systems, MP2 and M06 methods provided accurate results 

when compared to similar bromine-containing species with known heats of formation.  M06 

resulted in comparable accuracy to MP2 for these systems with significantly reduced 

computational cost.  Molecular dynamics (MD) simulations were performed using a polarizable 

force field, APPLE&P,43 which was extended to include a description of the Br anion. 

Results 
 
Differential Scanning Calorimetry 
 
 In order to evaluate the thermal decomposition onset temperature for the ionic liquid in 

this study, differential scanning calorimetry (DSC) was carried out (Figure 1).  For EMIM+Br-, 

the decomposition is exothermic, indicated by a positive peak.  The jagged features in the DSC 

curve are as a result of the sealed aluminum sample holder bursting from the increase in pressure 
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upon decomposition.  The onset thermal decomposition temperature, Tdec, for EMIM+Br-, 

reported as the initial nonzero slope of the DSC curves, is 585 K.  It should be noted that for the 

VUV-PI-TOFMS experiments, temperatures well below this apparent onset decomposition 

temperature were chosen to look for possible vaporization of the ionic liquid (T=457, 510, 560 

K).   

Thermal Gravimetric Analysis: Mass Spectrometry 

 In an effort to understand the gas phase species evolved from the heated ionic liquid as a 

function of temperature, thermal gravimetric analysis mass spectrometry (TGA-MS) 

measurements were performed.   Typical results for EMIM+Br- are presented in Figure 2.  In 

Figure 2a, the major product peaks detected are at masses 94(CH3
79Br), 96(CH3

81Br), 

108(CH3CH2
79Br), and 110(CH3CH2

81Br), and their temperature profiles can be seen in Figure 

2b.  These masses are seen at all temperatures (473-643 K).  Their relative mass intensities do 

not change significantly with increasing temperature, indicating that thermal decomposition 

occurs even at 473 K, which is well below the thermal decomposition onset temperature 

indicated in the DSC (Tdec=585 K, Figure 1). 

VUV-PI-TOFMS 

 The mass spectra as a function of photon energy are shown in Figure 3 (T = 457 K), and 

the appearance energies (AE) of the photoions are presented in Table 1.  No signals were 

detected which correspond to either the ion pair (masses 190 and 192 for EMIM+ 79Br- and 

EMIM+ 81Br-, respectively) or the intact EMIM+ cation (mass 111).  Also absent from the mass 

spectra is mass 79, corresponding to 79Br+.  It should be noted that the EMIM+ cation has been 

detected on the same apparatus under similar conditions previously with the ionic liquid 1-ethyl-

3-methylimidazolium bistrifluorosulfonylamide.38 
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Discussion 

 Previous studies on aprotic imidazolium-based ionic liquids indicate their vaporization to 

intact C+A- ion pairs, based on the mass spectrometric detection of the intact cation, presumably 

following the dissociative ionization of the intact ion pair:  

C+A- + hv  C+A + e-  C+ + A· + e-    (1) 

Even though the temperatures selected for the VUV PI-TOFMS experiments were well below 

the apparent onset decomposition temperature from the DSC (Tdec=585 K, Figure 1), a strong 

photoion signal was obtained in which signal corresponding to the cation resulting from the 

dissociative ionization of the ion pair (EMIM+, mass 111) was noticeably absent. However, 

prominent peaks at 94, 96, 108 and 110 were observed.  In order to determine if these peaks were 

as a result of dissociative photoionization of the EMIM+Br- ion pair, ab initio calculations were 

performed at the MP2/6-31+G(d,p) level of theory to calculate the appearance energies in the 

photofragmentation of the anticipated ion pair (Figure 4).  It was found that, within the expected 

uncertainties, these AEs are calculated to occur at approximately the same AE values that occur 

in the experiment.  However, the MP2 calculated appearance energy for the EMIM cation at 

mass 111 is 6.8±0.1 eV (Figure 4) and mass 111 is not seen experimentally, which would 

preclude the presence of gaseous EMIM+Br- ion pairs.  Ultimately, by comparing not only the 

experimental appearance energies of the photoions to literature values of possible neutral 

species, but by also comparing their corresponding photoionization efficiency (PIE) curves to 

available literature PIE curves and photoelectron spectroscopy data, it is possible to identify the 

source of the photoions in our experiments. One beneficial aspect of the bromine system is that 

there are two isotopes of bromine: 79Br and 81Br, with natural isotope abundances of 50.69% and 

49.31% respectively.  The appearance of masses 108 and 110 with identical ion appearance 
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energies and PIE curve shapes, with a 1:1 ion signal ratio would indicate that these species have 

a bromine atom incorporated, and likely correspond to the C2H5Br+ ion.  When our low 

resolution PIE curves for masses 108 and 110 are compared to high resolution experimental total 

PIE data of ethyl bromide,44 (Figure 5) not only are the photoion appearance energies equal (10.3 

eV), but the features of the PIE curves match as well, strongly indicating that the photoion 

masses 108 and 110 originate due to the presence of ethyl bromide in the gas phase, and not from 

the dissociative photoionization of gaseous EMIM+Br- ion pairs. 

 A similar analysis has been performed for the possibility of generating methyl bromide 

from the condensed phase heating of the EMIM+Br- ionic liquid.  In this case, the corresponding 

masses for CH3
79,81Br would be 94 and 96.  However, in Figure 3 the signal from mass 96 is 

almost twice the intensity for mass 94, and this is likely due to the contribution from two 

different photoions to the mass 96 signal, CH3
81Br+ and the ethylimidazolium cation, the origin 

of which will be discussed below.  These features are very similar to previous mass spectra 

generated by rapid thermolysis/mass spectrometric experiments on EMIM+Br-.22   In comparison 

of the experimental PIE curve to the literature PIE of methyl bromide,45 the appearance energies 

are equal (10.5 eV), the features of both curves match quite well (Figure 6a), and the derivative 

of the experimental PIE curve correlates with features in the literature photoelectron 

spectroscopy data45 for CH3Br (not shown).  In addition, the PIE curves for the fragment ion, 

CH2Br+ (mass 93 and mass 95), have the same AEs (13.0 eV) and the curves match almost 

exactly (Figure 6b).  

 If methyl bromide and ethyl bromide are being formed by thermolysis in the heated ionic 

liquid, the condensed phase reactions involved would likely be:  

EMIM+Br- 
∆

 CH3Br + EIM     (2) 



Distribution A: Approved for public release, distribution unlimited 
9 

 

      EMIM+Br- 
∆

 CH3CH2Br + MIM     (3) 

Where MIM is 1-methylimidazole (MW=82), and EIM is 1-ethylimidazole (MW=96).  The 

measured AEs of photoion masses 82 (8.6 ± 0.2 eV) and 96 (8.5 ± 0.2 eV) match well with the 

MP2/6-31+G(d,p) calculated ionization potentials for MIM and EIM (8.66 ± 0.1 and 8.59 ± 0.1 

eV), respectively, as well as with the NIST WEBBOOK46 database value for MIM (8.66 eV).  

Assuming that the contribution from CH3
81Br to the mass 96 PIE curve is similar in strength to 

the PIE for CH3
79Br, the experimental EIM+ PIE curve can be obtained simply by subtracting the 

PIE of mass 94 (CH3
79Br) from the observed PIE of mass 96 (Figure 7), resulting in an 

experimental ionization energy for EIM of 8.5 ± 0.2 eV. From the measured AE of mass 94 

(CH3
79Br), the AE of CH3

81Br of 10.5 ± 0.2 eV can be assumed (literature value for CH3Br: IP = 

10.5447). 

 The lower ion masses between 40-81 are dissociative fragments mainly of EIM with a 

small contribution from fragmentation of MIM, and their formation will be discussed below.  Ion 

masses 26-30 are a combination of dissociative fragments from CH3CH2Br, MIM, and EIM, and 

their formation will not be discussed here.  Mass 81 (AE = 11.1±0.2 eV) cannot be from 81Br+, 

not only because there would be a comparable isotopic signal at mass 79 from 79Br+, which is 

completely absent in Figure 3, but the 81Br+ photoion appearance energy from CH3Br is >15 

eV.45  Rather, the mass 81 peak could be from either dissociative photoionization of MIM or of 

EIM as follows: 
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Scheme 1. 

From the M06 calculated appearance energies for these two photofragments of 11.5±0.2 and 

11.0±0.2 eV, respectively, the experimental appearance energy of 11.1±0.2 eV indicates that 

mass 81 more likely results from the latter fragmentation channel.  The relative formation of 

H79Br (and the corresponding EMIM carbene, EMIM:) is negligible, as mass 80 is less than 1% 

of mass 82.  This is consistent with calculations at the MP2/6-31+G(d,p) level, which  show that 

(a) separated HBr + EMIM: is less stable than the EMIM+Br- ion pair by 1.31 eV and (b) proton 

transfer from HBr to EMIM:  to form the EMIM+Br- ion pair occurs without an energy barrier.  

Mass 68 (AE = 10.9±0.2 eV) likely comes from EIM+ fragmentation to form the imidazolium 

cation and the thermodynamically stable C2H4, a rather common ion fragmentation mechanism.48  

Although the calculated M06 energies (Scheme 2) for mass 68 ion formation do not match the 

experimental value exactly, the closest energy pathway is the hydrogen transfer from the ethyl 

CH3 to C4 on the imidazolium ring, followed by elimination of C2H4 with a calculated AE = 11.5 

eV.  

NN NN
CH2

+ CH3

81

AE = 11.0 eV

NN -e-

NN NN
CH2

+ H

81

NN

AE = 11.5 eV

-e-

IP = 8.4 eV

IP = 8.3 eV

82

96
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Scheme 2. 

Another possibility is that the pathway leading to ethylene plus imidazolium ion via hydrogen 

transfer from the methyl group to N1 has a high barrier due to a strained geometry in the 

transition state, which could raise the AE above 9.74 eV.  The pathway leading to formation of 

mass 68 ion plus CNH2 was also considered, but the energetics are prohibitively high for this 

channel (AE = 13.1 eV, Scheme 2).  The formation of mass 68 from MIM would involve the 

elimination of a CH2 radical, which is highly energetically unfavorable (AE=13.2 eV):  

 

Also, from the literature, the electron impact ionization mass spectrum of EIM shows a mass 68 

fragment whereas that of MIM does not, even at 70 eV ionization energy.46   

Hydrogen transfer followed by ring opening fragmentation pathways will lead to masses 

54(AE = 11.9±0.2 eV) and 42(AE = 12.0±0.2 eV).  Ring opening without hydrogen transfer 

would lead to ion masses not observed in the experiment.  While ring opening to form mass 54 

can only occur from EIM, mass 42 can form from possible ring opening of both EIM and MIM.  
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To evaluate the fragmentation of EIM+ (mass 96, C5N2H8) to form mass 42 (C2NH4) and mass 54 

(C3NH4), the heats of formation of the fragments with different possible structures, both neutrals 

and cations, were calculated at the M06/6-31+G(d,p) level of theory.  The heats of formation of 

eight possible structures for mass 42 and 16 possible structures for mass 54 were evaluated, the 

appearance energies of each combination of cation and neutral fragments were calculated, and 

the fragmentation pathways within ±0.5 eV of the experimental AEs were evaluated further, 

resulting in nine pathways in this AE range for mass 54 cations and 26 pathways for mass 42 

cations.  From this analysis, the most likely pathways were determined (Scheme 3) by matching 

theoretical AEs to experimental AEs and looking for the most reasonable geometries resulting 

from fragmentation of EIM+.  Formation of the mass 42 and mass 54 fragments from the EIM+ 

parent must involve a hydrogen transfer followed by two ring bond cleavages.  The hydrogen 

transfer can come from the terminal methyl group on the ethyl to the C2 position on the 

imidazolium ring.  The calculated M06 energies are in good agreement with the experimental 

AEs for this pathway.  Mass 42 could possibly result from fragmentation of MIM to form mass 

40 plus mass 42 (Scheme 3).  However, the calculated AE for mass 42 is 12.7 eV, which doesn’t 

match with the experimental mass 42 AE (11.9 eV) and the mass 40 signal is too small for this 

pathway to be significant. 
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Scheme 3. 

One possible source of ion mass 41 (AE = 12.7) would be from hydrogen transfer followed by 

ring cleavage of EIM to form masses 55 and 41.  However, the mass 55 signal very small in this 

experiment, and this pathway has been ruled out.  Instead, mass 41 could result from hydrogen 

transfer followed by ring cleavage to form two mass 41 fragments, and the calculated AE for the 

second pathway in Scheme 4 agrees very well with the experimental AE. 

 

Scheme 4. 

NN
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 Assuming the rates of evaporation of CH3Br (BP = 277 K,46 Ho
vap = 23.24 kJ/mol46) and 

CH3CH2Br (BP = 312 K,46 Ho
vap = 28.26 kJ/mol46) are much faster than the reaction rates of 

their formation at T = 454 K through reactions 2 and 3, the branching ratio between reactions 2 

and 3 above can be calculated simply by comparing the ion counts (Figure 3) for methyl bromide 

versus ethyl bromide.  To quantify the ethyl bromide reaction, the mass 108 and mass 110 

photoion signals were summed over all photon energies and added together.  To quantify the 

methyl bromide reaction, the mass 94 photoion signal was summed over all photon energies and 

multiplied by two in order to include the contribution from CH3
81Br (mass 96).  At T = 454 K, 

the calculated branching ratio for CH3Br: C2H5Br is 0.76:0.24.   

Previous TGA-MS/DSC studies have suggested that significant mass loss can occur well 

below the thermal decomposition onset temperature.18,49  In Figure 2b, the isothermal portion of 

the TGA curve at T=473 K indicates that >20% of the sample mass is lost in one hour, while the 

DSC does not indicate that any reaction takes place until almost 600 K.  By making an Arrhenius 

plot with the natural log of the rate of product formation (ion signal intensity divided by 

temperature ramp rate, 5 K/min) versus 1/T (Figure 2c-d), the slope of the plot corresponds to -

Ea/R for the thermal decomposition.  These activation barriers for masses 94, 96, 108 and 110 

yield 112.1±6.6 kJ/mol and 118.4±7.2 kJ/mol for reactions 2 and 3 respectively, which are 

consistent with the VUV-PI-TOFMS branching ratio results reported above. Uncertainties in the 

experimental activation energies are the 95% confidence limits (±2, precision) determined by 

the linear least squares fit of the experimental data in figures 2c and 2d. 

Ab initio calculations were performed to determine if the reaction proceeds via a bond 

insertion or via an SN2 type mechanism.  Transition states for Br- to insert into the N-C bond of 

the methyl and ethyl side chains were located and their activation barriers were calculated.  The 
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transition states were confirmed by frequency calculations resulting in a single imaginary 

frequency, and IRC calculations confirmed that the products were CH3Br + EIM (reaction 2) or 

CH3CH2Br + MIM (reaction 3).  The calculated activation barriers via bond insertion for 

reactions 2 and 3 are 239.3 kJ/mol and 212.1 kJ/mol, respectively (at M06/6-31+G(d,p) level of 

theory).  Not only are these barriers prohibitively high, but also reaction 3 would be favored on 

energetic grounds, contrary to what is observed experimentally.   However, for the SN2 reactions, 

the transition state barriers and reaction enthalpies are in good agreement with experimental 

results.  At the M06/6-31+G(d,p) level of theory, the activation energy (Ea) and heat of reaction 

(Hrxn) are 133.1 kJ/mol and -85.8 kJ/mol, and 138.1 kJ/mol and 2.9 kJ/mol for reactions 2 and 

3, respectively.  The increased activation barrier for reaction 3 can be explained by steric factors, 

seen in Figure 8.  The transition state for reaction 2 has a linear N-C-Br geometry with a near 

planar CH3 group, and a C-Br distance of 2.55 Å at the M06/6-31+G(d,p) level of theory.  The 

transition state for reaction 3 shows repulsion between the ethyl CH3 group and the incoming Br- 

which causes a bend in the N-C-Br angle away from linearity, and the C-Br distance elongates to 

2.65 Å.  Increasing the basis set to aug-cc-pvtz only decreases the C-Br distance by 0.02 Å to 

2.63 Å, therefore the moderate size of the 6-31+G(d,p) basis set is appropriate to accurately 

describe the transition state geometry for reaction 3.  The decrease in magnitude of Ea values 

from theory to experiment is likely due to solvent stabilization effects in the condensed phase 

relative to the gas phase, where the ionic liquid solvent lowers the energy of the transition state 

more than it does for the reactant. 

To determine whether vaporization competes with thermal decomposition under vacuum 

distillation conditions, it is necessary to estimate the heat of vaporization for EMIM+Br-.  In 

order to estimate the heat of vaporization of EMIM+Br-, several approaches were investigated.   



Distribution A: Approved for public release, distribution unlimited 
16 

 

Recent work by Paulechka and coworkers50 on the thermochemistry of the formation of 1-butyl-

3-methylimidazolium bromide (BMIM+Br-) determined that the heat of vaporization of 

BMIM+Br- is sufficiently higher than the activation barrier for thermal decomposition such that  

saturated vapor pressure due to intact BMIM+Br- will never be experimentally attainable.  

Although the heat of formation of halogen containing compounds can be calculated from the heat 

of combustion, experimental determinations of heats of combustion of halogen containing 

compounds are difficult to determine accurately due to incomplete combustion and the need to  

accurately identify combustion products.  Instead, Paulechka measured the heat of reaction 

MIM(l) + BuBr(l)  BMIM+Br-
(l) calorimetrically, where BuBr is 1-butylbromide, and calculated 

the heat of formation of the ionic liquid from this measurement using known Cp values and heats 

of formation of MIM and BuBr.  By adding the experimentally determined activation energy to 

the heat of the reaction for: MIM(l) + BuBr(l)  BMIM+Br-
(l) , the activation energy for the 

reverse reaction (thermal decomposition) can be calculated (Figure 9).  With an activation energy 

of Ea = 73±4 kJ/mol (determined over the range of 303-334 K) and Hrxn (298 K) = 87.7±1.6 

kJ/mol, the resulting activation barrier for the reverse reaction is 161±4 kJ/mol.  From the 

experimentally determined heat of formation of BMIM+Br-
(l) as well as the gas phase heat of 

formation of the ion pair calculated by quantum chemical methods, the heat of vaporization was 

determined to be Hvap (298 K) = 174 ± 9 kJ/mol.  Since the estimated Hvap (298 K) = 174±9 

kJ/mol is greater than the barrier for the reverse reaction (161±4 kJ/mol), on energetics grounds, 

thermal decomposition will dominate, and vaporization to ion pairs will not be experimentally 

detectable.   

 An alternate method for determining the heat of formation in the liquid phase of the ionic 

liquid is to calculate the heat of formation of the ion pair in the gas phase by ab initio methods 
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(G2MP2), and to calculate the heat of vaporization of the ionic liquid using molecular dynamics 

(MD) methods.  If the heat of formation of the gaseous ion pair and the heat of vaporization can 

be calculated, the heat of formation in the liquid phase of the ionic liquid can be calculated as the 

difference between the gas phase heat of formation and the heat of vaporization (see Figure 9).  

The gas phase heats of formation Hf, gas(298 K) of EMIM+Br- and BMIM+Br- at the G2(MP2) 

level of theory are 32.2±20 and -11.7±20 kJ/mol, and the Hf, gas(298 K) value for BMIM+Br- 

agrees within error limits with the literature value of Hf, gas(298 K) = 16±7 kJ/mol.50  The 

uncertainty of the G2(MP2) calculations for systems involving bromine were estimated at ±20 

kJ/mol by comparing calculated G2(MP2) heats of formation of bromine containing molecules to 

their known literature values (Table 3).  The difference in the gas phase heats of formation Hf, 

gas(298 K) between EMIM+Br- and BMIM+Br- of 43.9 kJ/mol is consistent with the general trend 

of decreasing Hf, gas(298 K) from C2MIM to C4MIM observed recently.51  Using the value of 

32.2±20 kJ/mol for the G2MP2 gas phase heat of formation of EMIM+Br- and, at first 

approximation, assuming the heat of vaporization of EMIM+Br- is the same as that of BMIM+Br- 

(174±9 kJ/mol), the heat of formation of EMIM+Br-
(l) is calculated to be -142±22 kJ/mol at 298 

K.  To improve on the accuracy of this value, molecular dynamics simulations were carried out 

to determine the heat of vaporization (Hvap) of EMIM+Br- (Table 2).52  Heats of vaporization at 

298 K were determined for EMIM+Br- and BMIM+Br- by extrapolation from the heats of 

vaporization determined by molecular dynamics simulations at higher temperatures as indicated 

in Table 2.  Molecular dynamics simulations were performed for both EMIM+Br- and BMIM+Br- 

in order to validate the Hvap with Paulechka’s experimental value for BMIM+Br-.  Comparison 

of the Hvap(298 K) value for BMIM+Br- from Table 2 (152.8 kJ/mol) with the  Hvap(298 K) 

from Paulechka and coworkers (174 kJ/mol) indicates the molecular dynamics value is low by 
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~14%.   Correcting for this observed systematic error would yield an estimate for EMIM+Br- 

Hvap(298 K) of 169±25 kJ/mol.  Using this value and the G2MP2 gas phase heat of formation 

of EMIM+Br-, our best estimate for the heat of formation of EMIM+Br-
(l) is -136±25 kJ/mol at 

298 K. A corresponding result for BMIM+Br-
(l) yields a Hf value of -186±25 kJ/mol, which is 

consistent, within reported uncertainties, with that of Paulechka (-158±5 kJ/mol).   Similar to the 

findings for BMIM+Br-,50 the Hvap value for EMIM+Br- at 473 K of 130.8 kJ/mol is 

significantly larger than the experimental Ea values for thermal decomposition (112.1 and 118.4 

kJ/mol for reactions 2 and 3) that saturated vapor pressure of EMIM+Br- is unattainable, and 

thermal decomposition effectively dominates the mass loss process for EMIM+Br- in our 

experiments.  

Conclusion 

 The absence of mass 111 (EMIM+ cation) from the effusive source VUV-PI-TOFMS 

experiments preclude the possibility of vaporization of EMIM+Br- as intact ion pairs.  Instead, 

the observed photoions and PIE curves strongly indicate the decomposition of EMIM+Br- to 

CH3Br, CH3CH2Br, MIM and EIM.  TGA-MS studies and ab initio calculations support the SN2 

mechanism whereby CH3Br formation is favored 3 to 1 over CH3CH2Br formation due to 

increased steric hindrance in the transition state for the latter path.  From this work, the best 

estimates for the heat of formation and the heat of vaporization of EMIM+Br- are Hf(298 

K)=-136±25 kJ/mol and Hvap(298 K)=169±25 kJ/mol. 
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Table 1. VUV photoion appearance energies (in eV, ±0.2 eV) for the gaseous products when 1-
ethyl-3-methylimidazolium bromide is heated to 457 K. 
 
Mass 41 42 54 68 81 82 94 96 108 110 
Appearance 
Energy 

12.7 12.0 11.9 10.9 11.1 8.6 10.5 8.5 10.3 10.3 

 
 
Table 2.  Heats of vaporization determined by molecular dynamics simulations.52 
 
Heat of vaporization.  T (K)  Hvap (kJ/mol) 
       EMIM+Br-    298          147.1b 

       EMIM+Br-    393          138.3a 
       EMIM+Br-    473          130.8a 
       BMIM+Br-    298          152.8b 
       BMIM+Br-    323          150.5a 
       BMIM+Br-    393          144.0a 
 

aMD direct calculation 
blinear extrapolation from higher temperature MD values 
 
 
Table 3.  Error analysis of G2(MP2) method for bromine-containing systems.  Energies are in 
kJ/mol. 
 

 Hf,gas G2(MP2) experiment Error 
Br- -227.4 -212.7 14.7 
HBr -49.7 -36.3 13.4 

CH3Br -48.7 -34.3 14.6 
CH3CH2Br -75.3 -63.6 11.7 

 
Captions 
 
Figure 1.  Differential scanning calorimetry (DSC) curve for 1-ethyl-3-methylimidazolium 
bromide ionic liquid (solid line).  Dotted line is the slope of the DSC curve.  Tdec = 585 K. 
 
Figure 2(a) TGA-MS data of EMIM+Br- averaged over 60 minutes at 473 K.  (b) TGA-MS data 
of EMIM+Br- and for masses 94, 96, 108, and 110 as a function of temperature.  The isotherm at 
473 K is represented by the vertical dashed line. (c) Arrhenius plot for determination of Ea for 
the formation of CH3Br. (d) Arrhenius plot for determination of Ea for the formation of C2H5Br. 
 
Figure 3.  VUV PI-TOFMS results for heated EMIM+Br- ionic liquid in an effusive source, with 
source temperature T=457 K.  Photoion appearance energies are listed in Table 1. 
 
Figure 4.  Energetics of the possible dissociative photoionization of EMIM+Br-.  Stationary 
points are calculated at the MP2/6-31+G(d,p) level of theory (0 K, ZPVE corrected). 
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Figure 5.  Photoionization efficiency (PIE) curves for mass 108 (C2H5

79Br+) and mass 110 
(C2H5

81Br+).  Solid curve is total PIE data for C2H5Br from reference 44 (reproduced with 
permission of The Royal Society of Chemistry). 
 
Figure 6(a) Experimental PIE data for mass 94 (CH3

79Br+) and (b) experimental PIE curve for 
mass 93 (CH2

79Br+).  Solid curves are total PIE data for CH3Br from reference 45 (reproduced 
with permission from Elsevier).  
 
Figure 7.  PIE curves for mass 94 and mass 96.  Triangles are the difference of mass 96 and mass 
94 PIE curves, and represents the PIE curve for EIM+. 
 
Figure 8.  Transition states for the SN2 alkyl abstraction of methyl (top) and ethyl (bottom) by the 
bromide ion at the M06/6-31+G(d,p) level of theory. 
 
Figure 9.  Energy diagram for the conversion of BMIM+Br- to MIM + BuBr (data used with 
permission from reference50). 
 
 
 
 
 
 

 
 



Distribution A: Approved for public release, distribution unlimited 
22 

 

 
 

Figure 1. 
 
 
  



Distribution A: Approved for public release, distribution unlimited 
23 

 

 

 

 
Figure 2a-d. 
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